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Abstract: The importance of accurate species databases is debated in the recent literature of biodiversity assessment,
considering that limited resources for conservation could be better allocated to assessment based on cost effective bio-
diversity features. I aimed to provide an understanding of sampling bias and provide practical advice to minimize bias
either before or after data collection. Tused 10x10 km?> UTM grid data for 121 land snail species to account for geographic
and taxonomic sampling bias in Hungary. Sampling intensity corrected for species richness varied significantly among
regions, although regions were not good predictors of sampling intensity. Residuals were significantly autocorrelated in
15 km distance, indicating small scale heterogeneity in sampling intensity compared to species richness. Sampling cov-
erage and intensity were higher close to human settlements and sampling intensity was higher within protected areas than
outside. Commonness of species was positively associated with sampling intensity, while some rare species were over-
represented in the records. Sampling intensity of microsnails (<3 mm) was significantly lower than that of the more
detectable large species (>15 mm). Systematic effects of the collecting methods used in malacological research may be
responsible for these differences. Understanding causes of sampling bias may help to reduce its effects in ecological,
biogeographical and conservation biological applications, and help to guide future research.

Nomenclature: Bank (2004).

and it thus provides a basis for studying the usefulness of
the data in biodiversity assessment.

Introduction

The preservation of biological diversity needs good
quality data and effective methods (Williams et al. 2002).
Although invertebrates make up a high proportion of total
species richness, most invertebrate taxa are generally un-
der-represented in biodiversity assessment and conserva-
tion planning compared to well-studied vertebrates and
butterflies. Under-representation of invertebrates is due to
the lack or low quality of distribution data (Pressey 2004).

The utility of the distribution data depends heavily on
the representativeness of the data — as a sample — to the
entire sampling universe, the biota of a given geographic
area. In the real world, distribution data bases are not al-
ways as representative to the whole as desired, and have
inherent bias due to geographic and taxomical variation
in sampling effort referred to Wallacean and Linnean
shortfalls, respectively (Whittaker et al. 2005). Walla-

There is a debate on the need for accurate and com-
prehensive species databases. Brooks et al. (2004) argue
that species are the only valid currency for conservation
assessment, while according to Cowling et al. (2004) the
appropriate biodiversity features (environmental surro-
gates, land classes) to be used in conservation assessment
depend on the goal, spatial scale, implementation oppor-
tunities and level of biodiversity knowledge in a particu-
lar region. The distribution database of land snails is the
most comprehensive invertebrate database in Hungary,

cean shortfall (Lomolino 2004) means that many areas are
seriously under-collected for most taxa, even vascular
plants and birds, so that biased datasets may confound
biogeographic patterns (Nelson et al. 1990) or the results
of area selection (Reddy and Davalos 2003). Linnean
shortfall (Brown and Lomolino 1998) means that much of
the diversity we do know about has yet to be formally de-
scribed and catalogued. In a wider sense, biased faunal
and floral lists — because of varying rarity and detection
probability of the species — are also special cases of Lin-
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nean shortfalls and can affect biogeographic and conser-
vation applications of the data.

These two types of bias are widespread in large scale
studies (e.g., Ramsey and Shultz 2004) and apparent in
biotic inventories (e.g., Stohlgren et al. 1995). Bias may
have a strong influence on site selection applications (Fre-
itag and Van Jaarsveld 1998), yet relatively little work has
been done so far in explicitly considering the causes and
consequences of bias (Whittaker et al. 2005). Reddy and
Davalos (2003) analysed the effects of geographic sam-
pling bias, while taxonomic bias has not been evaluated
in such a framework on a large (e.g., national) scale.

I used the distribution of Hungarian land snails to test
for geographic and taxonomic bias. I analysed regional
variation in sampling intensity, and the effect of the spa-
tial arrangement of human settlements and protected ar-
eas on sampling intensity. I tested the effect of rarity and
detection probability of land snail species on their sam-
pling intensity. I aimed to provide an understanding of
sampling bias and practical advice to minimize them
either before or after data collection.

Materials and methods

The area of Hungary is covered by 1052 10 x 10 km?
UTM grid cells. Smaller cells occurred near the country’s
borders or in the spherical correction zone of the UTM
system. I grouped the cells into regions according to
Dévai and Miskolczi (1987): (1) Tisza Plain, (2) Danube
Plain, (3) Lesser Hungarian Plain, (4) Western Marginal
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Area, (5) Transdanubian Hills, (6) Transdanubian Moun-
tains and (7) Northern Mountains (Fig. 1).

Distribution data of land snails were derived from
Pintér et al. (1979), Pintér and Szigethy (1979, 1980) and
Fehér and Gubanyi (2001). Invasive and introduced spe-
cies were excluded because their conservation relevance
is doubtful (Patten and Erickson 2001). Slugs were also
excluded due to collecting and identification problems
(Cameron and Pokryszko 2005). In total, 121 species
were involved in the analysis (including semislugs).

Distribution data were available for 704 (66.9%) of
the 1052 UTM cells. The Mollusca Collection of the Hun-
garian Natural History Museum (Fehér and Gubanyi
2001) contained 26023 lots (a lot being a collection of one
species from one location collected on one occasion) from
612 (58.2%) UTM cells.

I estimated spatial sampling intensity as the residuals
of the logarithm of number of museum lots per UTM cell
regressed against logarithm of total species richness
within that cell. T used general linear model to assess re-
gional differences in spatial sampling intensity. Based on
spatial coordinates of the centroids of the UTM cells, I
tested the linear model residuals for spatial autocorrela-
tion using Moran’s / and 15 km spatial lag to include cen-
troids of all eight potential neighbours of the UTM cells.
Out of the 612 UTM cells with intensity data, I used only
606 cells that had at least one neighbour cell. I made spa-
tial autocorrelograms for the number of species, number
of museum lots, spatial sampling intensity (as defined

Figure 1. Number of museum lots in 10 x 10 km” UTM grid cells in Hungary based on the land snail collection of the Hun-
garian Natural History Museum (Fehér and Gubanyi 2001). Shades of grey represent levels of sampling intensity (number of
museum lots per UTM cell) as indicated in the figure, white areas are unexplored. Numbers represent major geographic
units: (1) Tisza Plain, (2) Danube Plain, (3) Lesser Plain, (4) Western Marginal Area, (5) Transdanubian Hills, (6)

Transdanubian Mountains and (7) Northern Mountains.
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above) and linear model residuals based on 15 km spatial
lags. For spatial statistics, I used the spdep package (Bi-
vand 2007) of the R software (R Development Core Team
2007).

I analysed the effect of human settlements on the pat-
tern of sampling following Reddy and Dévalos (2003) by
measuring the distance between a given UTM grid cell
containing distribution data and the UTM cell containing
the nearest town centre. I identified UTM cells containing
the centres of 252 towns in Hungary based on the data of
Miskolczi et al. (1997) and the Hungarian Central Statis-
tical Office (KSH) (2001). I compared the shape of the
distribution and central tendency of the distances to the
nearest city for the 704 UTM grid cells containing distri-
bution data, and for 704 cells identified randomly without
replacement. Besides spatial coverage (distribution of the
704 cells with data), I compared the observed intensity
data (26023 data items) with the same number of data
gained from randomization, similarly as for coverage but
with replacement. To compare distributions, I used the
Kolmogorov-Smirnov two-sample test and to compare
central tendency I used the Mann-Whitney U-test and ap-
proximate randomisation test because of the large number
of cases (Potvin and Roff 1993).

I followed Reddy and Déavalos (2003) to test the effect
of the distribution of protected areas on the sampling in-
tensity of the species. Sampling intensity for a species was
the mean number of lots of that species per cell in which
it was present. I compared sampling intensity inside and
outside UTM cells containing protected areas. Because
both variables are subject to error, I used Type II regres-
sion (standard major axis regression, Sokal and Rohlf
1995). If the sampling intensity inside and outside the pro-
tected areas was identical, the slope of the regression
would not differ significantly from unity. I computed 95%
confidence intervals to test the departure of the slope pa-
rameter beta from one. The effect of area was controlled
both inside and outside, by using sampling intensity per
unit area.

Sampling intensity of the species per unit area fol-
lowed a lognormal distribution (Shapiro-Wilk test, W =
0.985, n =116, p =0.216), so for the analysis I used log-
transformed values of sampling intensity. I tested the ef-
fect of rarity (frequency of occupied UTM cells) and de-
tection probability (shell size) with a general linear
model. I assessed shell size as the greatest value of shell
height or width obtained from Kerney et al. (1983) (n =
97, semislugs were excluded because their shell size is not
related to their body size).

241

I categorised the species into five classes according to
their rarity and shell size independently, with (almost)
equal numbers of cases in each class. Then, I used these
categories as treatment levels of fixed factors in the
model, also testing their interactions. Log-transformed
sampling intensity of the species per unit area was the re-
sponse variable. I used the least significant differences
test for pairwise comparisons, and significance levels
were corrected for multiple comparisons by the false dis-
covery rate (FDR) method (Benjamini et al. 2001).

Results

The distribution of the number of museum lots within
UTM cells was right-skewed (skewness = 6.73 + 0.099
SE, n = 612). Only 69 cells out of the 612 (6.6%) were
represented by 100 or more museum lots (Fig. 1). The
number of museum lots per cell showed peaks in the
Northern Mountains, in some sporadically distributed
cells in the Danube and Tisza Plains (the areas around of
the Batorliget Nature Reserve, the towns of Békéscsaba
and Szeged), in the surroundings of Budapest, the Bakony
Mountains and the town of Keszthely, in some areas near
the western border (Szigetk6z, Soproni Mts and Kdszegi
Mts), and in areas around Pécs in southern Transdanubia

(Fig. 1).

I found significant variation in sampling intensity (re-
siduals of number of museum lots after correcting for spe-
cies richness) among regions (F'=2.12, df =7, 599, p <
0.05, R = 0.024). Sampling intensity was significantly (p
<0.01) higher in the Lesser Hungarian Plains than in other
regions. Negative peaks were not analysed, because
empty cells were not included. According to sampling
coverage, empty cells were most frequent in the Tisza and
Duna Plains (Fig. 1).

The low R value of the linear model indicated that
regions could not account for most of the variation in sam-
pling intensity. The autocorrelation in the regression re-
siduals was significantly greater than expected under the
null model of no autocorrelation (global Moran’s I =
0.152, expectation under null model =-0.009, z = 6.07, p
<0.001).

Spatial autocorrelation of the number of species and
the number of museum lots per UTM cell was significant
within 3-4 spatial lags (45-60 km distance). The autocor-
relation of richness corrected sampling intensity and the
residuals of the linear model was significant within one
lag (15 km distance) (Fig. 2).

The effect of the location of towns on sampling cov-
erage (cells with data) and intensity was significant. The
average distance between UTM cells containing distribu-
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Figure 2. Moran’s [ spatial correlogram of (l) number of
species, (@) number of museum lots, (A)sampling intensity
corrected for species richness and (V) residuals of the gen-
eral linear model (sampling intensity vs. regions) within 10
x 10 km®> UTM cells. One spatial lag represents 15 km dis-
tance, full symbols indicate significant (p < 0.05), open
symbols indicate non-significant Moran’s / values.
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Figure 4. Sampling intensity of the testaceous species (n =
97) inside and outside 10 x 10 km? UTM grid cells contain-
ing protected areas. The line indicates major axis of Type 1l
regression (y = 0.505x + 0.128). Broken lines correspond to
95% confidence limits at this axis, dotted line indicates the
slope of unity indicating that sampling intensity inside and
outside protected areas are equal.
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Figure 3. Distribution of the distances to the nearest town for (A) sampling coverage (distribution of » = 704 UTM cells con-
taining distribution data) and (B) sampling intensity (n = 26023) data at 10 x 10 km? resolution. Empty columns correspond
to observed data, hatched columns correspond to data from random permutations (A) without and (B) with replacement.

tion data and the nearest towns (8.07 = 5.745 km SD, n =
704) was significantly smaller than the average distance
of the randomised data set without replacement (9.14 +
5.705 km SD, n = 704) (Mann-Whitney test, U =
225654.5, p < 0.01; Kolmogorov-Smirnov two-sample
test, D = 0.078, p < 0.05; Fig. 3a). The average distance
between UTM cells of each museum lot and the nearest
city (7.19 + 6.005 km SD, n = 26023) was significantly
smaller than the average distance of the random data set
with replacement (9.07 £ 5.863 km SD, n = 26023) (ap-
proximate randomisation test with 5000 permutations, p

< 0.001; Kolmogorov-Smirnov two-sample test, D =
0.166, p <0.001; Fig. 3b).

Sampling intensity of the species was higher inside
protected areas than outside. The estimated slope parame-
ter of the major axis of the Type II regression was signifi-
cantly lower than one (§ = 0.425, 95% CL; = 0.395, 95%
CL, = 0.456, y = 0.425 x + 0,088, R*=10,0041, n =97,
including only testaceous species). Some species (Platyla
polita, Truncatellina callicratis, Macrogastra plicatula,
Kovacsia

Bulgarica vetusta, Urticicola umbrosus,

kovacsi, Helix lutescens) showed the opposite trend from
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Table 1. Effects of rarity (area of occupancy) and shell size on the sampling intensity of the species®.

Source of variation df SS MS F

With outliers

Between groups 25 20.879 0.835 4872
Rarity 4 0.155 0.039 2147+
Shell size 4 0.288 0.072 4.02**
Interaction 16 0.608 0.038 212
Error 91 1627 0.018

Total 116 22.505

Without outliers

Between groups 25 18.833 0753 60.252***
Rarity 4 0.348 0.009 6.955™**
Shell size 4 0.236 0.006 4.722*
Interaction 16 0.303 0.002 1.514ns
Error 86 1.075 0.001

Total 111 19.908

“Two-way general linear model, sampling intensity was log-transformed, ***:
p<0.001,*" p<0.01, *: p<0.05, +: p < 0.1, ns: not significant.
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Figure 5. Effect of (A) shell size and (B) rarity on the sampling intensity of species (full square: mean, central line: median,
box: inter quartile range, whiskers: minimum and maximum, circles: outliers; outliers were excluded from the calculation of
descriptive statistics). Letters indicate significant (p < 0.05) differences (least significant differences, significance levels were

corrected by the FDR method).

the majority of species, with sampling intensity of these
species higher outside protected areas (Fig. 4).

Rarity and shell dimension were uncorrelated (Pear-
son’sr=0.016,7=0.1652,df =114, p=0.869). The effect
of shell size on the sampling intensity of species and the
interaction of rarity and shell size were significant when
outliers (Spelaeodiscus triarius, Pagodulina pagodula,
Pomatias rivularis, Faustina illyrica, and Kovacsia
kovacsi) were included in the model. In this model, inter-
mediate sized and rare species (all species listed above ex-
cept for F. illyrica) were more intensively collected than
other similar species. The effect of rarity and shell size
were significant but the interaction was not significant
when outliers were removed (Table 1). According to pair-
wise comparisons, sampling intensity of the species

smaller than 3 mm (species of Carychium, Vallonia,

Truncatellina, Vertigo and Vitrea, and Punctum
pygmaeum, Acanthinula aculeata, Platyla polita, Pupilla
triplicata, Columella edentula) was significantly (p <
0.05) lower than that of the species bigger than 15 mm
(Fig. 5a). Sampling intensity of the rarest fifth of the spe-
cies was significantly (p < 0.05) lower than that of the rest

of the species (Fig. 5b).

Discussion

Regional differences in the richness corrected sam-
pling intensity were statistically significant, but regions
were not a good predictor of sampling intensity. The
Lesser Plain was over-collected relative to its average
species richness, probably due to the intensive monitoring
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of the Szigetkoz area. The spatial pattern of species rich-
ness showed sub-regional clustering according to the high
autocorrelation within 45-60 km distance. Richness cor-
rected sampling intensity and the residuals after account-
ing for regional differences were autocorrelated in a much
shorter (15 km) distance. These indicate that sampling in-
tensity is heterogeneous within regions and even sub-re-
gions (i.e., within certain hills or mountains).

Areas of high sampling intensity were located around
towns and in mountain regions. Some of the towns have
particular institutions (museums, universities) or people
with malacological interests (Pintér 1981, 1985), for ex-
ample, Békéscsaba where Gy. Kovacs worked and
Keszthely where 1. Pintér worked. Mountains are often lo-
cated near large towns (e.g., Budapest and Pécs) and are
favourite collecting targets of malacologists (e.g., the
Biikk Mountains). The relatively low sampling intensity
in the lowlands reflects the predominance of agricultural
areas, which are less attractive to malacologists than spe-
cies rich areas with more natural vegetation.

However, the higher sampling intensity around cities
is a more general pattern than just the effect of certain
towns or collectors, probably reflecting easier accessibil-
ity of areas close to towns where infrastructure is more
developed (Reddy and Davalos 2003). In some cases
(e.g., Budapest and Pécs), geomorphological complexity
may also contribute to higher sampling intensity (Kiihn et
al. 2004).

The malacological attratctiveness of protected areas
relative to unprotected ones might be a reason for higher
sampling intensity within protected areas. Research in na-
tional parks also contributed to increased sampling inten-
sity in protected areas. Some species were characterised
by high sampling intensity outside protected areas with
>25% of the occurrences of Platyla polita, Truncatellina
callicratis, Macrogastra plicatula and Bulgarica vetusta
in unprotected areas. This relatively high proportion sug-
gests that these species are likely to be missed by habitat
protection. More than 33% of the occurrences of three
species (Urticicola umbrosus, Kovacsia kovacsi, Helix
lutescens) were in unprotected areas. The proportion of
the occurrences outside protected areas (protection-by-re-
serves scores, Solymos 2007) can be used to prioritise
species that are missed by habitat protection. Because a
high proportion of occurrences of common species are
often outside of reserves, the best practice is to incorpo-
rate rarity and protection-by-reserves values into an addi-
tive index (S6lymos 2007), or to use the indices sequen-
tially as filters to pick up species that meet rarity criteria
and are not protected by existing reserves.

So6lymos

The bias due to spatial preference can be reduced a
priori through well designed and representative sampling
of the entire study area by sampling previously underrep-
resented areas or habitat types, i.e. degraded habitats and
agricultural areas. The comparison of degraded and natu-
ral systems is also a prerequisite to the modelling the im-
pacts of future land use changes on individual species and
biodiversity (Bomhard et al. 2005).

Bias can also be reduced by correcting the data a pos-
teriori. Regions with poor data may cause problems in
systematic conservation planning when the principle of
complementarity is applied. However, correction cannot
be complete although to some degree it is necessary to
avoid artefacts, i.e., reserve network variability (Freitag
and Van Jaarsveld 1998) and estimated spatial costs
(Reddy and Davalos 2003). Species richness within spa-
tial units can be corrected a posteriori by using smoothed
surfaces (e.g., Williams et al. 1996), rarefaction curves
(e.g., Prendergast et al. 1993) or fitting collector’s curves
to the data (e.g., Soberon and Llorente 1993).

Species richness alone is not a universal guide, since
area selection methods based on complementarity also re-
quire the identity of the species. Problems may arise when
our aim is to model or predict distributions of rare species
(or even of undescribed species; see e.g., Bini et al. 2006)
because occurrences of rare and dispersal limited species
cannot be precisely predicted within potentially suitable
habitats (Ponder et al. 2001).

Some rare species are over-represented in the museum
records relative to others, but for the majority of species
representation in the records is related to the rarity and
commonness with common species having more records.

Shell size has a significant effect on the sampling in-
tensity of species. Sampling intensity of microsnails (<3
mm), which can be collected effectively only from leaf
litter and soil samples, was significantly lower than that
of the more visible species in the largest shell dimension
class (>15 mm), which can be collected effectively by di-
rect search. Different selectivity (systematic errors) of soil
sampling and direct search is responsible for the observed
differences (Cameron and Pokryszko 2005, S6lymos et al.
2007). However, some of the smallest species showed ex-
tremely high sampling intensity because of their faunistic
importance and rarity.

Rarity and shell dimension might be related in theory
negatively because small snails may be more easily trans-
ported passively (by wind or by rafting) than large ones
(Vagvolgyi 1975, Kirchner et al. 1997). Consequently,
small snails should be more widespread. In this case,
however, these variables were uncorrelated.
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The occurrence of dead and subfossil shells in collec-
tions is a special source of bias in the study of land snails
(Rundell and Cowie 2003). For example, subfossil shells
of Vallonia enniensis are common in collections. Treating
these shells as an indicator of living populations can be
misleading and causes overestimation of the real area of
occupancy (non-apparent rarity; Gaston 1994).

Slugs were not analysed in this paper, but are usually
underrepresented in museum collections because of col-
lecting and identification problems. Their sampling inten-
sity cannot be compared directly to that of the testaceous
snails. The collection of soil dwelling species that burrow
into the soil (e.g., semislugs in the genera Vitrina, Semili-
max, Daudebardia with fragile shells, and the soil dwell-
ing Ceciliodes species and Mediterranea hydatina) can
also be inefficient without soil sampling, and this might
cause pseudo-rarity (Gaston 1994).

The sources of taxonomic bias can be reduced a priori
by sampling of underrepresented target taxa (i.e. soil
dwelling species, semislugs) or a posteriori by modelling
species distributions (e.g., Ponder et al. 2001) or by using
correction factors in the assessment of the rarity of the
species (e.g., S6lymos and Fehér 2005, Fehér et al. 2006).

Sampling intensity varied according to regions and
possess also small scale (15 km) variation, and it varied
according to attributes of the collected taxa, i.e. shell size
and rarity. In other words, some areas (accessible and at-
tractive ones) and taxa (common and large ones) were
more intensively collected than others. Overcollection
might be due to preferences of collectors (including many
amateur malacologists) and contracting parties according
to the higher sampling intensity around towns and within
reserves, respectively. The collecting process would be
more cost effective with the same amount of collection
data but with more even sampling intensity across space
and taxa. Thus, geographic and taxonomic bias in distri-
bution data might be considered as a “biotic impediment”.
Without planning, these trends in data collecting will
probably continue in the furure, increasing the impedi-
ment. A detailed understanding of causes of geographic
and taxonomic bias may help to properly correct available
data and to guide further inventories.
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